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Despite the importance of Mcl-1, an anti-apoptotic Bcl-2 familymember, in the regulation of apoptosis, little is known regarding its role
in nervous system development and injury-induced neuronal cell death. Because germline deletion ofMcl-1 results in peri-implantation
lethality, we address the function ofMcl-1 in the nervous system using two different conditionalMcl-1mousemutants in the developing
nervous system. Here, we show for the first time that Mcl-1 is required for neuronal development. Neural precursors within the ventric-
ular zone and newly committed neurons in the cortical plate express high levels ofMcl-1 throughout cortical neurogenesis. Loss ofMcl-1
in neuronal progenitors results in widespread apoptosis. Double labeling with active caspase 3 and Tuj1 reveals that newly committed
Mcl1 deficient neurons undergo apoptosis as they commencemigration away from the ventricular zone. Examination of neural progen-
itordifferentiation in vitrodemonstrated that cell death in the absenceofMcl1 is cell autonomous.Although conditional deletionofMcl-1
in cultured neurons does not trigger apoptosis, loss of Mcl-1 sensitizes neurons to an acute DNA damaging insult. Indeed, the rapid
reductionofMcl-1mRNAandprotein levels are early events afterDNAdamage inneurons, andmaintaininghighMcl-1 levels canprotect
neurons against death. Together, our results are the first to demonstrate the requirement ofMcl-1, an anti-apoptotic Bcl-2 family protein,
for cortical neurogenesis and the survival of neurons after DNA damage.
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Introduction
Myeloid cell leukemia 1 (Mcl-1) is an anti-apoptotic member of
the Bcl-2 family of proteins. Germline knock-outs (KOs) of
Mcl-1 are peri-implantation lethal at embryonic day 3.5 (E3.5)
(Rinkenberger et al., 2000), which is the most severe phenotype
among the anti-apoptotic Bcl-2 proteins. Furthermore, Mcl-1 is
essential for the development and maintenance of B and T lym-
phocytes and for the survival of hematopoietic stem cells (Opfer-
man et al., 2003, 2005). Mcl-1 is believed to inhibit cell death
through interactions with proapoptotic Bcl-2 family members,
including multidomained (Youle and Strasser, 2008) and BH3-
only (for review, see Letai, 2008). The affinity of interaction be-
tween Bcl-2 family members varies significantly, with Mcl-1
showing increased binding affinity for Noxa, PUMA (p53-
upregulated modulator of apoptosis), BimEL, and Bcl-2 modify-
ing factor (Chen et al., 2005; Kuwana et al., 2005).
The peri-implantation lethality of Mcl-1 germline mutant
mice suggests a unique requirement for Mcl-1 in early embryo-
genesis (Rinkenberger et al., 2000). Bcl-xl germline deficientmice
are also embryonic lethal, at E13, showing increased apoptotic
activity in the brain and hematopoietic system (Motoyama et al.,
1995). More recent studies have suggested that the requirement
for Bcl-xl may vary depending on the cell type examined. For
example, conditional deletion of Bcl-xl in catecholaminergic
neurons resulted in viable mice with the catecholaminergic neu-
ronal population reduced by one-third (Savitt et al., 2005). Mice
with a Bcl-2 targeted deletion show normal neuronal develop-
ment but exhibit significant loss of sympathetic, motor, and sen-
sory neurons postnatally (Michaelidis et al., 1996). Although
these studies demonstrate the importance of Bcl-2 family pro-
teins in the maintenance of certain cell populations within the
CNS, none have been shown to have a direct role in neural
development.
Despite the importance of Mcl-1 in apoptosis during early
development, little is known regarding its role in nervous system
development and injury-induced neuronal cell death. Recent
studies, however, have shown thatMcl-1 upregulationmay play a
role in Notch-1-mediated survival of neural precursor cells
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(Oishi et al., 2004), as well as in maintaining the survival of gran-
ule cells during migration and differentiation (Zhang and
D’Ercole, 2004). Heterozygous Mcl-1 germline deletion also re-
sults in increased susceptibility of neurons to pilocarpine-
induced seizure injury (Mori et al., 2004). These studies suggest
that Mcl-1 may play an important role in nervous system devel-
opment, and after acute neuronal injury, however, the impact of
Mcl-1 deficiency during nervous system development or after
acute injury has never been examined.
In this study, we show for the first time that Mcl-1 is required
for neural development. Loss of Mcl-1 in neuronal progenitor
cells results in widespread apoptosis of progenitors expressing
Nestin and III tubulin (Tuj1), demonstrating that Mcl-1 is re-
quired for the survival of newborn neurons. We also show that
Mcl-1 plays a key role in the regulation of neuronal survival after
injury. Loss of Mcl-1 sensitizes neurons to apoptosis induced by
DNAdamage, whereasmaintenance of highMcl-1 levels protects
neurons against death. Together, our results demonstrate that
Mcl-1 is required for neural precursor survival and the regulation
of injury-induced neuronal cell death.
Materials andMethods
Mice and primary neuronal cultures. For embryonic time points, the time
of plug identification was counted as E0.5. All experiments were ap-
proved by the University of Ottawa Animal Care Ethics Committee ad-
hering to the Guidelines of the Canadian Council on Animal Care. Cor-
tical and cerebellar granule neurons (CGNs) were cultured as described
previously (Cregan et al., 1999; Fortin et al., 2001).
Generation of transgenic mice. Floxed Mcl-1 mice were described pre-
viously (Opferman et al., 2003). The generation of telencephalon-specific
Mcl-1 conditional mutants was accomplished by breeding floxed Mcl-1
mice with Foxg1:Cre mice (Hebert and McConnell, 2000) to generate
Foxg1cre/:Mcl-1 flox/flox mice. The generation of nestin-specific condi-
tional mutants, floxed Mcl-1 mice were crossed with Nestin:Cre mice
(Berube et al., 2005) to generate Nestin cre/:Mcl-1 flox/flox mice. The
genotyping of these mice was performed as described previously (Hebert
andMcConnell, 2000; Casanova et al., 2001; Opferman et al., 2003). The
floxed Mcl-1 mice were on a C57BL/6 background, the Nestin:Cre lines
were on a pure FVBN background, and the Foxg1:Cremice were amixed
C57BL/6 and FVBN background. Double heterozygous littermates (Cre/
:Mcl-1 flox/) were used as controls for in vivo experiments, because
theywere indistinguishable fromwild-type embryos (results not shown).
Tissue processing, immunohistochemistry, and in situ hybridization.Tis-
sue fixation and cryoprotection of embryonic tissue was preformed as
described previously (Ferguson et al., 2002). Briefly, embryos were dis-
sected and postfixed overnight in 4%PFA and cryoprotected in a sucrose
gradient of 12, 16, and 22% sucrose (Sigma-Aldrich) in PBS. Tissue was
frozen, and 14 m coronal cryosections were collected on Superfrost
Plus slides (12–550-15; Fisher Scientific). Sections were stained in 0.1%
cresyl violet for light microscopy or immunohistochemistry as described
previously (Ferguson et al., 2002) for active caspase 3 (AC3) (1:100; Cell
Signaling Technology 9664), phospho-Histone H3 (PH3) (1:500; Up-
state Biotechnology, 06–570), Nestin (mouse monoclonal, 1:200; Re-
search Diagnostics, 21714), Tuj1 (1:100), and Doublecortin (DCX) (1:
200; Santa Cruz Biotechnology). For double immunofluorescence of
AC3 andDCX, sections were postfixed in 4.0%paraformaldehyde before
staining. PH3-positive cells were counted along a 1000 m length of the
lateral ventricle from the dorsal midline extending laterally at three dis-
tinct regions through the rostrocaudal extent of the lateral ventricle. The
mean number of PH3-positive cells in Foxg1:Cre Mcl-1 mutant and
control brains was compared by Student’s t test. In situ hybridization was
performed with a riboprobe toMcl-1 (Rinkenberger et al., 2000) accord-
ing to previously published protocols (Vanderluit et al., 2004; Ruzhynsky
et al., 2007).
Confocal microscopy. All images were taken using a Zeiss 510 meta
confocal microscope. To identify colocalization of active caspase 3 with
Tuj1, Nestin, or doublecortin-positive cells, Z stack sections (0.5–1 m
per section) were taken on different fields using an 63 oil immersion
objective. The countswere performed individually analyzing six different
sections of telencephalon, including ventral (V), dorsal (D), lateral ven-
tral (LV), lateral dorsal (LD), medial ventral (MV), and medial dorsal
(MD) areas (see Fig. 5B). Colocalization for active caspase 3 and dou-
blecortin was counted in the ganglionic eminence. For each animal, two
different brain sections were analyzed for three different animals per
experiment.
Cell culture and recombinant adenovirus infection.The cDNA forMcl-1
(mouse) (Rinkenberger et al., 2000) was a gift from Dr. S. Korsmeyer
(Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA).
Recombinant adenoviral vectors carrying expression cassettes for Mcl-1
or Cre were constructed, purified, and titered as described previously
(Cregan et al., 2000). Adenoviral vectors were added to cell suspensions
immediately before plating. Multiplicity of infection (MOI) refers to the
number of plaque forming units (pfu) per cell, as calculated from viral
titers (pfu/l).
Semiquantitative reverse transcription-PCR analysis. Total RNA was
isolated from cells using Trizol isolation reagent according to the manu-
facturer instructions (Invitrogen). Pilot experiments were performed to
determine the linear range of amplification with respect to quantity of
starting template and PCR cycles. The primers used for the detection of
genes are shown in Table 1. Total RNA (25–100 ng) was used for cDNA
synthesis and targeted gene amplification using the SuperScript One-
Step Reverse Transcription (RT)-PCR kit (Invitrogen). cDNA synthesis
was performed at 48°C for 45 min followed by a 2 min initial denatur-
ation step at 94°C. This was followed by 24 cycles (Bax), 25 cycles (Mcl-1,
S12), 29 cycles (Bcl-2), 32 cycles (Bcl-w), 30 cycles (Bcl-xl), and 30 cycles
(Bak) at 94°C for 30 s, 55–64°C for 30 s, and 72°C for 1min. The resulting
products were sequenced to confirm identity.
Western blot analysis. Western blot analysis was performed as de-
scribed previously (Cregan et al., 1999) with antibodies against Mcl-1
(1:10,000; Rockland Immunochemicals) (Opferman et al., 2003, 2005)
and actin (1:2000; SC-1616, Santa Cruz Biotechnology) as a loading
control.
Camptothecin treatment and cell viability assays. For inducing acute
DNA damage, neurons were treated with 10 M camptothecin (CPT)
after 2 d in vitro (DIV). Cell survival was measured by the following:
LIVE/DEAD viability/cytotoxicity kit (Invitrogen) as described previ-
ously (Cregan et al., 2004), andHoechst nuclear staining with condensed
Figure 1. Mcl-1 is expressed in neural precursors and postmitotic neurons in the developing
mouse telencephalon. In situ hybridization analysis ofMcl-1mRNA expression in telencephalic
coronal sections of E11.5 (B) and E15.5 (C) mouse embryos. Note the absence of the positive
signal in the sectionof thebrainhybridizedwith sense control riboprobe (A). Scale bar, 250m.
Table 1. Primer sequences for RT-PCR gene expression analysis
Gene
Sequence
5-sense-3 5-anti-sense-3
Mcl-1 TCTGAGATGTTTGGCCTGCGGAGA TCTAGACTATCTTATTAGATATGCCAGAC
Bcl-2 CTCGTCGCTACCGTCGTGACTTCG CAGATGCCGGTTCAGGTACTCAGTC
Bcl-W CGAGTTTGAGACCCGTTTCCGCC GCACTTGTCCCACCAAAGGCTCC
Bcl-xL AGGCAGGCGATGAGTTTGAA CGGCTCTCGGCTGCTGCATT
Bax AAGCTGAGCGAGTGTCTCCGGCG GCCACAAAGATGGTCACTGTCTGCC
Bak CACCCCCACCTCATCGTCCATTTC GCCCACCCCCTCCCCTGTCATA
S12 GGAAGGCATAGCTGCTGG CCTCGATGACATCCTTGG
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nuclei as an indicator of apoptosis. For Hoechst counts, cells
were fixed with 4% PFA in PBS for 30 min and then washed
with 1 PBS and stained with Hoechst (33258; Sigma Chemi-
cal). For LIVE/DEAD assays and Hoechst counts, data repre-
sent the mean and SE from a minimum of three independent
experiments.
Cortical progenitor cultures. Cortical progenitor cells were
cultured as described previously (Callaghan et al., 1999).
Briefly, cortices were dissected from Foxg1:Cre Mcl1 mutant
and littermate control embryos at E12.5. Cortices were me-
chanically dissociated by trituration, and cell aggregates were
plated on polyornithine-coated four-well dishes and cultured
in media containing Neurobasal medium (Invitrogen), 0.5 mM
glutamine, 0.5% penicillin-streptomycin, 1% N2 supplement
(Invitrogen), 2% B27 supplement (Invitrogen), and 10 ng/ml
FGF-2 (Sigma). On day one, the media was replaced with fresh
media without FGF2. After 3 d, cultures were fixed in 4% PFA,
and cell nuclei were stained with Hoechst (Sigma) to identify
healthy (diffuse nuclear staining) versus apoptotic (condensed
nuclei) cells. The number of apoptotic and healthy cells were
quantified per aggregate and represented as the total number of
cells per aggregate. Newly committed neurons were identified
by immunostaining with antibodies to Tuj1. Cell counts were
performed to quantify the total number of Tuj1-positive cells,
and the number of apoptotic neurons (Tuj1 positive with con-
densed nuclei) per aggregate. The number of apoptotic cells/
aggregate and the number of apoptotic neurons/total number
of neurons in each aggregate were represented as a percentage.
Results
Mcl-1 is required for cortical neurogenesis
During nervous system development, Bcl-2 family pro-
teins play critical roles in shaping the developing brain
by regulating the survival of neural precursor cells and
neuronal number after neurogenesis (Akhtar et al.,
2004). Although Mcl-1 has been shown to play an im-
portant role in the development of the immune system,
the question as to whetherMcl-1 has any role in nervous
system development remains unknown. To address this
question, we first asked whether Mcl-1 was expressed in
the developing brain and in which population of cells. In
situ hybridization with a riboprobe to Mcl-1 was per-
formed on sections from developing mouse brains dur-
ing the period of cortical neurogenesis fromE11 to E15.5
(Fig. 1). Robust expression ofMcl-1was observedwithin
the neural precursor population in the ventricular zone (VZ) at
E11.5. By midneurogenesis at E15.5, Mcl-1 is still highly ex-
pressedwithin the ventricular zone and in postmitotic neurons in
the developing cortical plate (CP) (Fig. 1). The high levels of
Mcl-1 in both proliferating neural precursors and postmitotic
neurons during this critical period of brain development lead us
to question whether Mcl-1 regulates the survival of these
populations.
To assess the role ofMcl-1 in nervous systemdevelopment, we
used conditional mutants as Mcl-1 germline mutation results in
preimplantation lethality (Rinkenberger et al., 2000). Animals in
which Cre-recombinase was inserted at the Foxg1 locus (Foxg1:
Cre) (Hebert and McConnell, 2000) were interbred with mice
carrying a floxed Mcl-1 allele (Opferman et al., 2003). In these
animals, Cre is expressed in neural progenitors throughout the
developing telencephalon beginning at E8 and reachingmaximal
expression levels at E17 (Tao and Lai, 1992; Shimamura and
Table 2. Recovery of embryos fromMcl-1 conditional mutants
Mcl-1 conditional mutant
Embryonic time point
E9.5 E10.5 E12.5 E15.5 E16.5 E17.5 E19.5
Foxg1:Cre Mcl-1 KO
Total number of embryos 20 32 11 11 4
Number of knock-outs (%) 3 (15%) 8 (25%) 1 (9%) 0 (0%) 0 (0%)
Expected number Mendelian ratio (%) 4 (20%) 7 (21%) 2 (25%) 2 (25%) 1 (25%)
Nestin:Cre Mcl-1 KO
Total number of embryos 9 30 74 20
Number of knock-outs (%) 2 (22%) 8 (27%) 9 (12%) 0 (0%)
Expected number Mendelian ratio (%) 2 (25%) 8 (27%) 17 (24%) 5 (25%)
Figure2. Loss ofMcl-1 in developing neurons results in severe defects in cortical neurogenesis.A, Protein
lysates were collected from cortical neurons cultured from Foxg1:Cre mutant or control mice 48 h after
plating andwere blotted forMcl-1 expression then for actin as a loading control, showing efficient excision of
Mcl-1 in mutant cortical neurons. B, Cresyl violet-stained coronal sections of E13.5 Foxg1:Cre mutant mice
and littermate controls showing significant loss of cortical size and morphology. C, Cresyl violet-stained
coronal sections of E15.5 Foxg1:Cre mutant mice and littermate controls showing Mcl-1 deficiency has a
pronounced effect on CP formation. The right panels are a magnification of the boxed areas. Scale bar, 250
m.
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Rubenstein, 1997). Previous studies have revealed efficient Cre-
mediated recombination of floxed alleles specifically using this
Foxg1:Cre mouse model (Hebert and McConnell, 2000; Fergu-
son et al., 2002). By interbreeding floxedMcl-1 mice with Foxg1:
Cre, we could selectively assess the role of Mcl-1 in neural pre-
cursor cells during forebrain development.
Conditional deletion ofMcl-1 specificallywithin the forebrain
resulted in embryonic lethality at E16–E17; however, embryos
collected at earlier time points were found at expectedMendelian
ratios (Table 2). The expression of Foxg1 in the midbrain-
hindbrain junction, a region important for regulating cardiovas-
cular and respiratory function, would result in Cre-mediated
Mcl-1 deficiency in this region and may account for the embry-
onic lethality. Indeed, we and others have shown that Foxg1:Cre-
mediated deletion of Rb (Ferguson et al., 2002) or Smo (Fuccillo
et al., 2004) results in perinatal lethality.
To assess the role of Mcl-1 in brain development, embryos
were collected at E15.5 corresponding to midneurogenesis. This
stage is characterized by a large population of Nestin-expressing
progenitors within the VZ and subventricular zone (SVZ), early
committed neuroblasts within the SVZ/intermediate zone (IZ),
and a growing population of postmitotic neurons in the develop-
ing CP. Efficient recombination of the floxed Mcl-1 allele in the
telencephalon was confirmed byWestern blot analysis (Fig. 2A).
Animals lacking Mcl-1 in the developing telencephalon exhibit a
dramatic neural phenotype with the overall size of the mutant
telencephalon being significantly smaller relative to littermate
controls (Fig. 2B). Morphological assessment of coronal sections
through the telencephalon at E15 revealed a striking reduction in
the size of the cortical plate. In contrast to littermate controls in
which layering of the VZ/SVZ, IZ, and CP are delineated clearly,
Mcl-1 mutant mice lacked a clear distinction between the IZ and
CP (Fig. 2C). These results demonstrate thatMcl-1 is essential for
telencephalic development.
The dramatic reduction in cortical plate formation led us to
question whether this defect occurred before or after precursor
commitment to a neuronal fate. A defect before neuronal com-
mitment could be associated with Mcl-1 having a role in neural
progenitor proliferation or survival, whereas a defect after com-
mitment would be attributed to Mcl-1 playing a role in the sur-
vival of newly born neurons. We first determined whether Mcl-1
has a crucial role in the regulation of uncommitted neural pre-
cursor cells. Previous studies have suggested that Mcl-1 may
modulate the rate of cell division (Fujise et al., 2000; Jamil et al.,
2005). To determine whether Mcl-1 affects neural progenitor
proliferation, we quantified the number of cycling cells in Mcl-1
deficient brains using theM-phase cell cycle marker PH3 (Fig 3).
Quantitative analysis of the number of cycling cells revealed no
significant difference between Mcl-1 deficient (40.2  5.1) and
littermate controls (27.5  1.7), demonstrating that Mcl-1 does
not perturb neural precursor cell proliferation. We next asked
whether Mcl-1 was required for neural precursor cell survival.
We assessed the role of Mcl-1 in neural precursor cell survival
in vivo in the Foxg1:Cre Mcl-1 mutant and in a second condi-
tional knock-out in which Cre is expressed in neural precursor
cells. Transgenic mice in which Cre-recombinase is expressed
under the control of the nestin promoter (Nestin:Cre) (Berube et
al., 2005) were interbred with mice carrying a floxed Mcl-1 allele
(Opferman et al., 2003). Nestin is expressed in neural progenitors
throughout the developing nervous system at E7.5, after preplate
formation (Dahlstrand et al., 1995). The use of two conditional
mutants allowed us to drive Cre expression very early in develop-
ment and examine the role ofMcl-1 in neural precursor cells. The
absence of Mcl-1 in the developing CNS with the Nestin:Cre
resulted in embryonic lethality occurring before E15 (Table 2).
Morphological analysis of coronal sections through the brains of
E12.5 embryos revealed a similar cortical phenotype as the Foxg1:
Cre mutant embryos with a dramatic reduction in cortical plate
formation (Fig. 4A). Deletion of Mcl-1 in neural progenitor cells
by either Foxg1:Cre or Nestin:Cre conditional mutants seriously
impaired the development of the cortex. The striking reduction
in the telencephalon in Mcl-1 mutants suggests that Mcl-1 is
required for the survival of precursors in the developing brain.
To determine whether the observed cell loss in the ventricular
zone is caused by apoptosis, sections from Foxg1:Cre andNestin:
Cremutant embryos along with control littermates at E12.5 were
immunostained with antibodies to active caspase 3, a hallmark of
classical apoptotic cell death. Numerous active caspase 3-positive
cells were present within the VZ/SVZ of Mcl-1 mutant mice,
whereas only an occasional apoptotic cell was observed in litter-
mate controls (Fig. 4B). The total number of active caspase
3-expressing cells was quantified in two distinct regions of the
developing cortex (Fig. 4C). A dramatic increase in the number of
apoptotic cells was found in both Foxg1:Cre and Nestin:Cre
Mcl-1 deficient brains compared with littermate controls (Fig.
4D). Our results show that Mcl-1 mutants exhibit extensive ap-
optotic cell death in the developing cortex relative to littermate
controls, which demonstrate an essential role for Mcl-1 in the
maintenance of neural precursor survival during cortical
development.
Because apoptotic cells are seen throughout the cortex, we
next asked which cell types require Mcl-1 for survival: the newly
committed neurons or the uncommitted precursors. To distin-
guish these possibilities, sections were double labeled with anti-
bodies to active caspase 3 and Nestin to identify neural precursor
cells, or active caspase 3 and Tuj1 to identify newly committed
neurons. Sections were examined for coexpression of cell type-
specific markers and active caspase 3, and the percentage of cells
exhibiting caspase activation within each population was quanti-
fied. We first asked whether uncommitted neural precursor cells
required Mcl-1 for survival. Double labeling revealed that a large
proportion of Nestin-expressing cells underwent cell death in the
absence of Mcl-1 (Fig. 5A). To determine whether Mcl-1 defi-
ciency resulted in region-specific cell death, we quantified the
percentage of Nestin-expressing apoptotic cells in different re-
Figure 3. Mcl-1 deficiency does not affect proliferation of cortical progenitor cells. Coronal
sections of E15.5 Foxg1:CreMcl-1mutantmice and littermate controls immunostained for PH3.
Quantitative analysis of PH3-positive cells in the ventricular zone revealed no significant differ-
ence in the number of proliferating cells betweenmutant and control mice. Scale bar, 100m.
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gions surrounding the lateral ventricles, in-
cluding the dorsal, lateral dorsal, medial
dorsal, lateral ventral, and medial ventral
regions (Fig. 5B). Examination of cell death
around the ventricles revealed that a lack of
Mcl-1 induces a highly significant increase
in cell death of uncommitted neural pre-
cursor cells. The highest percentage of pre-
cursors double stained for active caspase 3
and Nestin was in the ventral and ventral
lateral regions in theMcl-1 deficient brains
with 24.7  7.73 and 32  8.8%, respec-
tively, relative to 0.4  0.41 and 0.5 
0.34% of controls (Fig. 5C). These results
demonstrate that neural precursors require
Mcl-1 for survival during development and
that the ventral populations at E12 are
most affected.
Because many caspase 3-expressing
cells were found in the intermediate zone
where progenitors migrate away from the
ventricle, we next asked whether precursor
cells undergo apoptosis after commitment
to a neuronal fate as they commence mi-
gration. To determine whether these newly
born neurons required Mcl-1 for survival,
coronal sections from E12.5 embryos were
double labeled for Tuj1 and active caspase
3, and newly born neurons undergoing cell
death were counted and comparedwith lit-
termate controls (Fig. 6A). Consistent with
a reduction in the cortical plate, the num-
ber of newly born neurons undergoing cell
death was significantly increased in Mcl-1
mutants, whereas 12.0  0.86% of Tuj1-
expressing cells colabeled with the apopto-
tic marker relative to only 1.2  0.86% in
littermate controls. In the lateral ventral re-
gion, the percentage of dying cells was
7.03  2.1 versus 1.0  0.33% in the con-
trol group (Fig. 6B). To confirm these find-
ings, we assessed whether committed neu-
rons undergo cell death as they initiate
migration to their final destination. Dou-
ble labeling with doublecortin, a marker
for newly migrating populations, and ac-
tive caspase 3 revealed that these migratory
precursor cells were undergoing cell death as
they left the ventricular zone and initiated
migration (Fig. 7A). The number of
doublecortin-expressing cells undergoing
cell death was 64.5  6.4 in Mcl-1 mutant
mice relative to 0.3  0.3 in littermate con-
trols. These results explain the reduction in
cortical thickness observed in Mcl-1 mutant
mice,whereMcl-1deficient neural precursor
cells undergo cell death as they commit to a
neuronal fate andmigrate away from the ventricular zone.
To determine whether neural precursor cell death observed in
vivo is caused by a cell autonomous or noncell autonomous
mechanism, we cultured primary cortical progenitor cells and
monitored their survival in vitro as they differentiated. Cortical
progenitor cell aggregates from E12.5 Foxg1:Cre Mcl-1 mutant
embryos and littermate controls were plated at similar plating
densities and allowed to differentiate in vitro. After 3 DIV, signif-
icant cell loss was observed in the Mcl-1 deficient cultures, at
which point cultures were fixed and stained. Quantification of
the total number of cells per aggregate revealed a twofold reduc-
tion inMcl-1 deficient cultures (Fig. 8A,B). To assesswhether the
Figure 4. Loss of Mcl-1 in developing neurons results in increased apoptotic activity in neuronal progenitors. A, Cresyl violet-
stained coronal sections through the telencephalic hemisphere of E12.5 Foxg1:Cre and Nestin:Cre Mcl-1 mutant embryos and
littermate controls showing a significant reduction in the thickness of the developing cortex in the Mcl-1 mutants. The bottom
panel represents high-magnification photomicrographs of the developing cortex. B, Coronal sections from E12.5 Foxg1:Cre and
Nestin:CreMcl-1mutants and littermate controlswere immunostained forAC3, amarker of apoptotic cell death.Numerousactive
caspase-3-positive cells are dispersed throughout the VZ in Mcl-1 deficient mice. The bottom panels are higher-magnification
photomicrographs. C, Schematic representation of areas quantified. D, Quantitative analysis of AC3-positive cells reveals a
significant increase in apoptotic cells in mutant animals. L, Lateral; M, medial. Scale bars: A, 100m; B, 50m. *p 0.05,
**p 0.01.
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cells in each aggregate were viable, cultures were stained with the
Hoechst nuclear stain to identify healthy versus apoptotic cells.
Quantification revealed that 52 3% of cells in Mcl-1 deficient
cell aggregates were apoptotic versus 15 1% in aggregates from
littermate controls. This massive cell death is comparable with
the apoptosis observed in vivo and demonstrates that cell death
from Mcl1 deficiency is cell autonomous.
To determine whetherMcl-1 deficient neural precursors in vitro
were capableof committing toaneuronalphenotypebefore apopto-
sis, cultures were immunostained with antibodies to Tuj1. The per-
centage of Tuj1-positive cells that are also apoptotic was 2.5-fold
higher inMcl-1 deficient cultures (Fig. 8B). As apoptosis progresses,
cells rapidly lose their phenotypic markers; therefore, our results
likelyunder-represent the truenumberof apoptoticneurons.Our in
vitro findings alongwithour in vivoobservations indicate thatMcl-1
is necessary for the survival of newly committed neurons as well as
maintaining the survival of neural progenitor cells. These studies
identify a novel cell autonomous requirement for the anti-apoptotic
Bcl-2 family protein, Mcl-1, in neurogenesis.
Mcl-1 regulates the onset of cell death after neuronal injury
BecauseMcl-1 plays an essential role in the regulation of survival
of neural precursor cells and newly committed neurons during
telencephalic development, we were unable to evaluate the re-
quirement for Mcl-1 in mature neurons in these mice. To assess
whether Mcl-1 is required to maintain survival of postmitotic
neurons, cortical neurons were cultured from E14.5 Foxg1:Cre
Mcl-1 KO mice and cerebellar granule neurons homozygous for
the floxed Mcl-1 allele and then infected with an adenoviral vec-
tor expressing Cre-recombinase to induce recombination in vitro
(Fig. 9G). Unlike neural progenitor cells, our results reveal that
neither isolated cortical neurons, nor cells lackingMcl-1 through
Cre-mediated recombination ofMcl-1 in vitroundergo apoptosis
but remained viable for at least 3–4 d (Fig. 9A,B). BecauseMcl-1
deletion did not induce apoptosis in postmitotic neurons within
the timeframe of the experiment, we asked whether Mcl-1 defi-
ciency modulated neuronal sensitivity to acute injury. Although
spontaneous apoptosis was not observed in the absence of Mcl-1
in mature postmitotic neurons, Mcl-1 deficient neurons were
more sensitive to exposure to a DNA damaging agent, camptoth-
ecin (10 M), than control cells (8.9  1.7% Mcl-1 deficient vs
25.25  3.0% control) (Fig. 9C,D). Although Mcl-1 deficiency
alone did not induce an apoptotic response in more mature neu-
rons, our results suggest thatMcl-1may play an important role in
the regulation of survival in the context of acute neuronal injury.
Because our results reveal that the absence of Mcl-1 acceler-
ates the rate of cell death in response to neuronal injury, we asked
whether Mcl-1 or any of the multidomain Bcl-2 family members
were transcriptionally regulated after DNAdamage induced neu-
ronal cell death. Primary cortical neurons were treated with 10
M camptothecin after 2 DIV. In contrast to the other Bcl-2
family members where there is no change in mRNA, Mcl-1 was
rapidly downregulated after DNA damage (Fig. 9E). This change
in mRNA levels is followed by a steady decline in Mcl-1 protein
levels (Fig. 9F). The rapid downregulation of Mcl-1 before the
onset of neuronal cell death suggests that downregulation of
Figure 5. Mcl-1 deficiency results in increased cell death of Nestin-expressing progenitor cells.A, Confocal photomicrographs of coronal sections from E12.5 Nestin:CreMcl-1mutant and control
brains, immunostained for active caspase 3 and Nestin, a marker for neuronal progenitor cells. B, Schematic of the six counting areas around the ventricle: ventral, dorsal, lateral dorsal, lateral
ventral, medial dorsal, andmedial ventral. C, Quantitative analysis of AC3 and Nestin cells in the six different regions.Within themutant brain, the LV region had significantly greater numbers of
Nestin apoptotic cells.
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Mcl-1 may have a pivotal role regulating
the onset of neuronal cell death after
injury.
Mcl-1 plays an important role in injury-
induced neuronal cell death
If Mcl-1 downregulation is a key event in
controlling the onset of apoptosis after
acute neuronal injury, then maintaining
Mcl-1 levels should protect neurons from
cell death. To determine this, we con-
structed an Mcl-1 adenoviral vector
(AdMcl-1). Efficient protein expression of
the Mcl-1 vector in neurons was con-
firmed by Western blot analysis (Fig.
10A). To assess the protective role of
Mcl-1 in neurons, CGNs were infected
with AdMcl-1 or a LacZ control adenovi-
rus (AdLacZ) (MOI 75) at the time of plat-
ing. After 2 DIV, neurons were treated
with 10Mcamptothecin, and cell survival
was assessed at 12 h intervals. Cells main-
taining high expression of Mcl-1 showed a
nearly twofold greater protection against
DNA damage-induced cell death relative
to cultures expressing LacZ (AdLacZ
24.7  2.3% cell death and AdMcl-1 at
14.8 2.0% cell death); in addition, Mcl-
1-mediated resistance to injury is main-
tained at 48 h (AdLacZ, 53.3  2.3%;
AdMcl-1, 25.5  1.9%) after injury (Fig.
10B). These results show that Mcl-1 down-
regulation may be involved in controlling
the onset of apoptosis after injury, because
maintainingMcl-1 levels in injured neurons
can extend neuronal viability. Furthermore,
these findings demonstrate a role for Mcl-1
in maintaining neuronal survival against
acute injury, and that loss ofMcl-1 increases
neuronal sensitivity to DNA damage-
induced cell death.
In these studies, we have shown that
Mcl-1 is required tomaintainneural precur-
sor survival during forebrain development
and after acute neuronal injury. In neuronal
progenitors and immature neurons, loss of
Mcl-1 results in apoptosis as progenitor cells
commence migration away from the ven-
tricular zone. Additionally, we show that
Mcl-1 is downregulated in response toDNA
damage-induced injury, and maintaining
levels ofMcl-1 can reduce the rateof apopto-
sis,whereas lossofMcl-1 increases sensitivity
to stress. In conclusion, the results of our
studies provide the first demonstration of a
requirement for the anti-apoptotic Bcl-2
family protein, Mcl-1, for neural develop-
ment and implicateMcl-1 as a prime therapeutic target for the pro-
tection of neural precursors and neurons from apoptosis.
Discussion
The involvement of Mcl-1 in apoptotic cell death has been well
documented (for review, see Craig, 2002; Michels et al., 2005);
however, little is known regarding the role of Mcl-1 in the regu-
lation of neuronal apoptosis during development or after acute
injury. In this study, the striking cortical phenotype of Mcl-1
conditional mutant mice clearly demonstrates the importance of
Mcl-1 in neural development. Specifically, Mcl-1 deficiency re-
sults in the apoptotic death of Nestin neural progenitors and
Figure 6. Mcl-1 deficiency results in cell death in newly committed neurons.A, Confocal photomicrographs of coronal sections
fromE12.5Nestin:CreMcl-1mutant and control brains immunostained for active caspase 3 and Tuj1, an early neuronalmarker.B,
Quantitative analysis of AC3/Tuj1-positive cells in each of the regions around the cortex. Nestin:Cre mutant brains have signifi-
cantly more apoptotic immature neurons relative to control littermates.
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Tuj1 newly committed neurons, indicating that Mcl-1 is re-
quired for the survival of both cell populations. Furthermore, we
also demonstrate a role for Mcl-1 in postmitotic neurons during
acute DNA-induced injury. Our results show that Mcl-1 down-
regulation is an early event in acute neuronal injury and that
maintaining Mcl-1 levels can protect neurons against DNA
damage-induced cell death. These studies demonstrate a novel
mechanism by which neural precursors are regulated in the de-
veloping brain and highlight the importance of Mcl-1 in the reg-
ulation of neuronal survival.
Neural progenitor cell numbers are tightly regulated by a bal-
ance between proliferation and cell death. During embryogene-
sis, developmental progenitor cell death has been reported to be
as high as 50–70% (Blaschke et al., 1996). In the healthy adult
brain, with each progenitor cell division, one daughter cell dies by
apoptosis (Morshead et al., 1994). Gene knock-out studies have
demonstrated the essential role apoptosis plays in regulating the
precursor population, where mice deficient for key proapoptotic
genes caspase 3, caspase 9, or Apaf-1 exhibit dramatically reduced
apoptosis leading to the production of excessive neural precursor
cells and brainmalformation (Kuida et al., 1996, 1998; Cecconi et
al., 1998). Although the apoptotic trigger has yet to be defined,
proapoptotic members of the Bcl-2 family have shown some in-
volvement. Single gene deletion of either proapoptotic proteins
Bax or Bak does not produce a nervous system phenotype; dele-
tion of both Bax and Bak, however, significantly reduces devel-
opmental apoptosis resulting in hypercellularity of specific CNS
populations (Lindsten et al., 2000, 2003). The excess cells are
located in the germinal zones of the brain (i.e., the SVZ) and have
been identified with markers specific for neural precursors (Nes-
tin), astrocytes (GFAP), and neurons (III tubulin) (Lindsten et
al., 2003). These studies show that apoptosis plays an important
role in the regulation of neural precursor cells and their differen-
tiated progeny.
Presently, little is known regardingwhich anti-apoptotic Bcl-2
family protein is important in maintaining neural precursor cell
survival. Previous studies using germline deletions of various
Bcl-2 family members have not revealed a crucial role for any
single Bcl family member in the development and survival of the
CNS. Bcl-2-targeted deficiency studies suggest that Bcl-2 is not
essential for development; however, there is loss of peripheral
nervous system (PNS) neurons in early postnatal life, including
motor, sensory, and sympathetic neuron populations (Michaeli-
dis et al., 1996). This suggests a requirement for Bcl-2 in the
maintenance and survival of these postmitotic populations.
Bcl-xl germline knock-out mice exhibit extensive neuronal cell
death at E13.5 (Motoyama et al., 1995). Unlike the dramatic phe-
notype of Bcl-xl whole embryo knock-outs, a neuron-specific
Bcl-xl conditionalmutantmouse revealed a less severe phenotype
in which the population of catecholaminergic neurons was re-
duced by one-third, suggesting that the requirement for Bcl-xL
may be cell type specific (Savitt et al., 2005). The results of our
Figure 7. Loss of Mcl-1 results in death of migratory neuroblasts. Confocal photomicro-
graphs of coronal sections from E12.5 Nestin:Cre Mcl-1 mutant and control brains immuno-
stained for active caspase 3 and doublecortin, a migratory neuroblast marker. Quantitative
analysis revealed significantly more AC3/DCX-positive cells in Mcl-1 mutant brains relative to
control littermates. Scale bar, 40m.
Figure 8. Mcl-1 deficient cortical progenitor cell death is cell autonomous. Cortical progen-
itor cell aggregates were plated at similar plating densities and allowed to differentiate in
culture while survival was monitored. Cell survival was assessed with Hoechst nuclear staining
to distinguish both viable (diffuse Hoechst nuclear staining) and apoptotic (condensed nuclei)
cells.A, Representative photomicrographs of Hoechst-stained control andMcl-1 deficient E12.5
cortical precursor cultures after 3DIV.B, Countswere performed to quantify the total number of
cells (viable and apoptotic) per aggregate (represented as mean number of cells/aggregate)
and the number of apoptotic cells per aggregate (represented as percentage of apoptotic). Tuj1
immunostainingwasperformed todeterminewhether cortical precursorswere capableof com-
mitting toaneuronal phenotypebeforedying. Thenumberof apoptotic cells thatwere also Tuj1
positive (Tuj1) were counted and compared with the number of Tuj1 cells per aggregate
(represented as percentage of apoptotic/Tuj1). Results are summarized from six different
platings of each genotype derived from two independent animals. Scale bar, 25m.
Arbour et al. •Mcl-1 Is a Key Regulator of Apoptosis in the Nervous System J. Neurosci., June 11, 2008 • 28(24):6068–6078 • 6075
studies demonstrate Mcl-1 to be indepen-
dently essential for neuronal development.
In the present study, we identifiedMcl-1 as
a key regulator of neural precursor cell sur-
vival, because conditional mutations of
Mcl-1 result inmassive apoptosis of neural
precursor cells. Mcl-1 is the first anti-
apoptotic Bcl-family protein with a critical
role in the maintenance of the neural pre-
cursor cell population.
In this study, we identify a change in
Mcl1 requirement as neural progenitor
cells differentiate into postmitotic neu-
rons, and we show that this transitional
period requires the anti-apoptotic Bcl-2
familymemberMcl-1. In both conditional
Mcl-1 mutant mice, we observed wide-
spread apoptosis of Nestin neural pro-
genitors and Tuj1 newly committed
neurons. In vitro differentiation of neural
progenitors also resulted in extensive apo-
ptosis, indicating a cell autonomous
mechanism. In contrast, mature neurons
inwhichMcl-1 loss was induced by adeno-
virus delivery of Cre were able to survive in
culture for up to 4 d with no evidence of
apoptosis. These results indicate that the
susceptibility to apoptosis changes during
progenitor cell differentiation. Previous
studies have shown that the expression
profiles of anti-apoptotic and proapop-
totic Bcl family proteins change as neural
precursors become postmitotic neurons.
During nervous system development, pro-
apoptotic Bax and Bid are expressed in
neural precursor cells within the ventricu-
lar zone, with Bax expression peaking at
E12–E15 (Krajewska et al., 2002) corre-
sponding to the early neurogenic interval
when we see widespread apoptosis of neu-
ral precursors in the Mcl-1 conditional
mutants. Although Mcl1 and Bcl-xL have
been shown to block Bax- and Bak-
mediated apoptosis, Bcl-xL is expressed at
very low levels in the neural precursor
population (Motoyama et al., 1995; Roth
et al., 2000). The extensive neural precur-
sor apoptosis we observe at E12 may be
attributed to the relatively high levels of
the proapoptotic proteins, such as Bax,
and therefore the loss ofMcl-1 has amajor
impact on their survival. One might pre-
dict, therefore, that during neurogenesis, the majority of newly
committed (Tuj1) neurons in Mcl-1 conditional mutants die
by apoptosis likely before sufficient Bcl-xL expression, because in
the Bcl-xL null mutant, apoptosis is observed in more mature
neuronal populations at E12.5 (Motoyama et al., 1995; Roth et
al., 1996). The results of this study therefore suggest that Mcl-1
regulates the survival of cells during this transition from progen-
itor cell to postmitotic neuron.
AlthoughMcl-1 deficient neurons did not diewhenMcl-1was
deleted, these neurons were more sensitive to injury-induced ap-
optosis. Cells lacking Mcl-1 died at an accelerated rate relative to
littermates expressingMcl-1. AfterDNAdamage-induced injury,
cells mount a strong apoptotic response, including a dramatic
upregulation of BH3-only proteins, including Puma and Noxa
(Cregan et al., 2004). In the context of this changing environ-
ment, the absence of Mcl-1 results in a rapid onset of cell death.
Indeed, after DNA damage-induced injury, Noxa and Puma are
induced, whereasMcl-1 is rapidly downregulated. Previous stud-
ies have shown that Mcl-1 is at the apex of Bcl-2-mediated apo-
ptotic signaling and that the downregulation ofMcl-1 is required
for Bax activation (Nijhawan et al., 2003). Consistent with this
model, our results show that maintaining Mcl-1 expression can
Figure 9. Loss of Mcl-1 in neurons results in increased sensitivity to DNA damage-induced cell death. A, Quantitative analysis
of cortical neuron survival by LIVE/DEAD assay revealed Mcl-1 mutant cortical neurons survive in culture similarly to cortical
neurons cultured from littermate control animals. B, CGNs were cultured from Mcl-1 flox/flox mice and infected with an adeno-
virus expressing Cre recombinase (AdCre) or green fluorescent protein (GFP) (AdGFP) as a control, and cell survivalwas assessed at
12 h intervals by LIVE/DEAD assay. Deletion ofMcl-1 in CGNs did not induce cell death, because cell survival was similar in cultures
infected with AdGFP. C, Cortical neurons were isolated from Foxg1:Cre Mcl-1 knock-out or control mice, treated with 10M CPT,
and collected at the times indicated. Neuronal survivalwas determinedby LIVE/DEADassay (n3). Significantly fewer Foxg1:Cre
Mcl-1 knock-out neurons were alive at 24 h after camptothecin treatment than neurons from littermate controls (*p 0.05).D,
CGNswere isolated fromMcl-1 flox/floxmice and infectedwithAdCre or AdGFP (MOI 75). Neuronal survivalwas determined at the
indicated times by LIVE/DEAD assay (n 3). E, Cortical neurons were cultured from CD1 mice and treated with 10M campto-
thecin, and total RNA was collected at the indicated times and analyzed by semiquantitative RT-PCR for Mcl-1, Bcl-2, Bcl-XL,
Bcl-W, Bax, Bak, and S12 transcript expression. CTL, Untreated controls. F, Cortical neurons were treated with 10M camptoth-
ecin, and protein lysates were collected at indicated times after treatment. Western blot analysis was performedwith antibodies
for Mcl-1 and actin (loading control). G, Western blot analysis of Mcl-1 protein expression in CGNs infected with AdCre or AdGFP
(MOI 75) 48 h after plating, showing efficient excision of Mcl-1 in cultured neurons infected with AdCre.
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preserve neuronal survival for extended time periods. These
studies demonstrate the importance of Mcl-1 in regulating the
onset on neuronal apoptosis after acute injury such as DNA
damage.
Recent work by Mori et al. (2004) demonstrating increased
neuronal sensitivity to seizures in Mcl-1 heterozygous mice has
prompted questions regarding the role ofMcl-1 in the regulation
of injury-induced neuronal apoptosis. This observed sensitivity
suggests that Mcl-1 plays an important role in neuronal survival
after insult; however, the mechanism by which this occurs re-
mains unknown. In contrast to the other anti-apoptotic Bcl-2
family members, Mcl-1 is very tightly regulated both transcrip-
tionally and posttranslationally (for review, see Craig, 2002). The
rapid reduction in Mcl-1 transcript levels after DNA damage can
be attributed to several mechanisms. Previous studies have re-
vealed that camptothecin treatment leads to inactivation of Rb
through activation of cyclin-dependent kinases (Park et al.,
2000). Rb inactivation results in enhanced activity of E2F tran-
scription factors, which have been shown previously to repress
Mcl-1 transcription (Croxton et al., 2002). In addition to regula-
tion by E2F, Mcl-1 is also a regulatory target for HIF1, (Piret et
al., 2005), cAMP response element-binding protein, and sis-
inducible element (Wang et al., 1999), whichmay play important
roles in Mcl-1 regulation in acute neuronal injury such as hyp-
oxia. The precisemechanism by whichMcl-1 transcript levels are
rapidly downregulated after DNA damage is not known; how-
ever, our results suggest that Mcl-1 levels may be sensitive indi-
cators of neuronal injury and impending cell death. This is fur-
ther supported by the demonstration that sustaining Mcl-1
expression can provide significant protection against neuronal
cell death and highlight the importance of Mcl-1 in neuronal cell
death regulation.
The results of our studies show a novel requirement forMcl-1
in the development andmaintenance of neurons within the CNS.
Our in vivo results demonstrate thatMcl-1 is required for cortical
neurogenesis and the survival of newly committed neurons. Ad-
ditionally, our data show thatMcl-1 regulates apoptotic cell death
after a DNA damaging insult. Most importantly, our results im-
plicate Mcl-1 as a key regulatory target with which to expand the
neural precursor pool and to maintain neuronal survival in the
damaged brain.
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